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COMMUNICATIONS

Formation of nanocrystalline alloys after Cu
ions implantation into amorphous precursor

Jozef Sitek, Dominika Holková, Július Dekan,

Milan Pavúk, Patrik Novák
∗

Amorphous precursors of A: (Fe64Co21B15)95P4Cu1 and B: (Fe64Co21B15)96P4 alloys were used. Nanocrystalline
structure was created by heat treatment. Samples were studied by Mössbauer spectroscopy, XRD and AFM. Cu ions of dose

1016 at/cm2 were implanted into the amorphous B. According to simulated program we estimated that Cu ions created
surface layer with a thickness of a few micrometres. Changes in bulk structure were not observed at parameters of Mössbauer
spectra after implantation. After heat treatment the implanted sample was nearly identical with the nanocrystalline sample of
A. Implantation had an influence on the volumetric fraction of the constituent phases and on their magnetic microstructure.
Implantation of Cu ions in amorphous precursor containing Cu as A caused after heat treatment in nanocrystalline state
increasing of nanocrystalline component. This technology of preparation of nanocrystalline alloys indicate that implantation
of ions into an amorphous precursor has an influence on the final structure and properties of nanocrystalline alloy.
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1 Introduction

In the recent years, nanocrystalline alloys have be-
come attractive for many applications. The most promi-
nent FINEMET, NANOPERM and HITPERM-type al-
loys have been frequently investigated because they ex-
hibit excellent soft magnetic properties. Recently soft
magnetic alloys NANOMET were developed as FeSiBCu
and FeSiBPCu alloys [1]. It was also found that substitu-
tion of Co for Fe improved the soft magnetic properties
and thermal stability of the nanocrystalline alloys [2].

The crystallization process of the amorphous precur-
sor is known to be controlled by thermal annealing. It
has been already shown that nanocrystalline structure
could be more or less realized or affected by external fac-
tors [3, 4] such a neutron and electron irradiation [5, 6].

Changes in the orientation of the average magnetic
moment were observed by Mössbauer spectroscopy in
neutron irradiated metallic glasses and nanocrystals [7].
The particle bombardment produces defects that may
cause a realignment of magnetic domains implying a re-
orientation of the magnetic moments. Changes in the lo-
cal neighbourhoods of the atoms affect the average hyper-
fine magnetic field as well as the shape of the hyperfine
field distributions. In the case of nanocrystalline alloys,
which consist of crystalline nanograins embedded in an
amorphous intergranular matrix, irradiation by neutrons
will lead to redistribution of atoms in the amorphous ma-
trix, disturbance of regular atomic ordering of the crystal
lattice and atom exchange between the amorphous and
crystalline component.

Effect of electron irradiation on the crystallization of
NANOMET alloys also was examined [8]. In this case
Fe nanocrystals changes were observed in the irradi-
ated amorphous matrix. Electron knock-out effect assists
atomic diffusion and accelerated the crystallization of
amorphous precursor. By electron irradiation rearrange-
ment of large quantity of defects are produced, intersti-
tials and vacancies are continuously moved. Then the fi-
nal structure after thermal annealing is different from the
structure without irradiation.

Nanocrystalline (Fe64Co21B15)95P4Cu1 and
(Fe64Co21B15)96P4 alloys were also modified after elec-
tron irradiation of their precursors of the doses up to 4
MGy, which was indicated from phase analysis of irradi-
ated and non-irradiated alloys [9].

Our work is focused on the structural modification of
selected nanocrystalline alloys after Cu implantation in
amorphous precursors. It was shown that such an im-
plantation has an influence at the ratio of amorphous and
crystalline components of final nanocrystalline alloy.

2 Experimental details

The samples for Mössbauer experiment were studied in
form of ribbon produced by planar flow casting of the melt
at the Physical Institute SAS in Bratislava. Implantation
of Cu ions was performed at Faculty of Materials Science
and Technology in Trnava with fluence 1016 ions/cm2 and
energy of 2 MeV.

Annealing at 400◦C was performed in GLS-1800X-
KS60 tube furnace. The trend of achieving of the tem-
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Fig. 1. (a) – Mössbauer spectrum of (Fe64Co21B15)96P4 alloy, (b) – Mössbauer spectrum of (Fe64Co21B15)96P4 alloy after Cu
implantation; the dark green sextet represents traces of a crystalline component.
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Fig. 2. 3D AFM image showing surface of shiny side of: (a) – non-implanted, and (b) – Cu implanted as-quenched (Fe64Co21B15)96P4

alloy. The havg parameter denotes an average height of protrusions at the scanned surface with given standard deviation.
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Fig. 3. (a) – non-implanted nanocrystalline (Fe64Co21B15)96P4 , (b) – Implanted nanocrystalline (Fe64Co21B15)96P4

perature was performed according to the allowed heating

rates (5/min). At 200 ◦C there was settling time for 120

minutes. This was mainly because of the stabilization of
vacuum parameters at level of 10−3 – 10−4 Pa. The tem-

perature increased after stabilization within 40 min to

400 ◦C . The specimens were annealed for 30 min and af-

terwards were gradually cooled down (max. 5 ◦C /min)

to room temperature. Thickness of the samples was a

25 microns.

The Mössbauer spectra were measured at room tem-

perature using a Wissel Mössbauer spectrometer with the
Co57 (Rh) source in transmission geometry. Spectrome-

ter was calibrated using a standard foil of α -Fe at room

temperature. The hyperfine parameters of the spectra

including relative component area (Arel), isomer shift

(IS ), quadrupole splitting (QS ), as well as internal hy-

perfine magnetic field (Bhf ). Spectra were evaluated by
CONFIT program [10] allowing simultaneous treatment

of crystalline components and residual amorphous phases

using individual lines and distributions of hyperfine pa-

rameters. The accuracy in their determination is about

2% for the relative area, 0.04 mm/s for the isomer shift

and quadrupole splitting and about 0.5 T for the hyper-

fine magnetic field.

Surface morphology of both ribbons before and af-
ter implantation was observed using Dimension EdgeTM

(Veeco, USA) Atomic Force Microscope (AFM). The mi-

croscope is placed on a pneumatic antivibration table and

during measurements it was shielded with acoustic cover.

All 3D-AFM images have the z -scale stretched in a way

that 1 nm on the axis has always the same length.
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Table 1. Spectral parameters of non-implanted and implanted (Fe64Co21B15)96P4

Amorphous Nanocrystalline

Component A23 B A A23 B A

(-) (T) (%) (-) (T) (%)

Amorphous high 2.47 27.9 49 2.42 28.6 34

Non-implanted Amorphous low 3.76 25.3 51 3.62 26.5 64

Crystalline - - - 2.36 31.44 2

Amorphous high 2.20 27.9 32 2.16 26.5 28

Implanted
Amorphous low 3.55 26.2 65 3.21 25.2 54

Crystalline high 2.00 30.8 3 2.44 37.0 10

Crystalline low - - - 2.71 35.5 8

X-ray diffraction (XRD) patterns were recorded in
standard geometry using diffractometer D8 Advance
(Bruker, USA) and Co Kα radiation.

3 Results and discussion

Mössbauer spectra of all samples were evaluated prefer-
ably using a model comprising two distributions of sex-
tets representing the amorphous rest and one or two sex-
tets describing the crystalline phase. Mean value of distri-
bution of internal magnetic field of amorphous rest cor-
responds to superposition of high and low field compo-
nent. Spectra of the (Fe64Co21B15)96P4 amorphous alloy
before and after implantation of Cu ions are shown on
Fig. 1(a) and Fig. 1(b), respectively. After implantation,
changes in the orientation of the net magnetic moment,
in the value of the average hyperfine magnetic field of the
amorphous and crystalline components and of their vol-
umetric fraction took place. Orientation of the net mag-
netic moment is reflected by the ratio of the second- and
fifth-line intensities of a Mössbauer spectrum (A23 ). This
parameter achieves its maximum value if the direction of
the net magnetic moment lay in sample plane and its min-
imum value, when oriented perpendicular to the sample
plane.

After Cu implantation of amorphous (Fe64Co21B15)96P4

alloy we observed traces of crystalline component till 2%
which is near the error and decrease of A23 parameter
what indicates that net magnetic moment turns out of
the ribbon plane. Mössbauer parameters of the investi-
gated alloys before and after Cu implantation are given
in Tab. 1.

Surface of the (Fe64Co21B15)96P4 alloy was analysed
by AFM method. Most important was shiny side be-
cause from this side Cu implantation was performed.
AFM records are shown in Fig. 2(a) and Fig. 2(b), re-
spectively. The pictures of non-implanted and implanted
samples show that after implantation changes in the sur-
face morphology occurred. This is an evidence that Cu
ions after implantation were concentrated on the surface.

To obtain the Cu implantation profile, SRIM simula-
tion software was used [11]. According to calculation the
depth of implanted Cu was approximately 1.4µm into
the sample with thickness of 25µm.

Mössbauer spectra after thermal treatment are shown
in Fig. 3(a) and 3(b), respectively. Parameters of the

investigated alloys before and after Cu implantation are
given in Tab.1.

After thermal treatment of non-implanted sample, the
(Fe64Co21B15)96P4alloy did not transform into nanocrys-

talline state in the whole volume and we observed only
traces of the crystalline component in the frame of er-

ror. Decrease of A23 parameter indicates that the net
magnetic moment turns out of the ribbon plane. We also
observed changes in relative amount of high and low field

magnetic component.

Small addition of Cu due to implantation caused tran-
sition into fully nanocrystalline state only after thermal
treatment. Crystalline component was identified accord-

ing to value of internal magnetic field as Fe-Co alloy.

Another sample for the analysis was
(Fe64Co21B15)95P4Cu1 alloy containing Cu and this one

was compared with the former without Cu. Mössbauer
spectra of non-implanted and implanted amorphous pre-
cursor are nearly identical with the Mössbauer spectra

of amorphous (Fe64Co21B15)96P4 alloy shown in Fig. 1.
Mössbauer parameters are given in Tab. 2. Analysis by
AFM method of shiny side showed surface changes after

Cu implanted in amorphous sample as in former case and
it is shown in Fig. 4.

Mössbauer spectra after thermal treatment are pre-

sented in Fig. 5. After thermal treatment crystalline com-
ponent Fe-Co was identified in amorphous rest. Non-
implanted annealed sample contained 16% of crystalline

fraction and the implanted one 28%. Changes in the
magnetic structure observed via increased A23 parameter
indicate that the direction of net magnetic moment turn

into the ribbon plane. It is contrast to (Fe64Co21B15)96P4

alloy where the net magnetic moment turns out of the
ribbon plane.

Nanocrystalline samples were also analysed by XRD.
Diffractograms of non-implanted and implanted alloys are
shown in Fig. 6. From XRD analysis was found that non-

implanted sample contains 16% of crystalline component
and implanted one 27% which agrees with the results
achieved from Mössbauer spectroscopy.
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Table 2. Spectral parameters of non-implanted and implanted (Fe64Co21B15)95P4Cu1

Amorphous Nanocrystalline

Component A23 B A A23 B A

(-) (T) (%) (-) (T) (%)

Amorphous high 2.14 28.0 36 2.80 25.9 40

Non-implanted
Amorphous low 3.71 26.0 64 2.84 25.5 44

Crystalline high - - - 2.70 37.1 8

Crystalline low - - - 3.39 35.7 8

Amorphous high 2.16 28.2 35 2.56 26.8 36

Implanted
Amorphous low 3.82 26.2 65 2.55 23.3 36

Crystalline high - - - 2.77 37.2 14

Crystalline low - - - 2.28 35.8 14
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Fig. 4. 3D AFM image showing surface of shiny side of: (a) – non-implanted, and (b) – Cu implanted annealed (Fe64Co21B15)95P4Cu1
alloy. The havg parameter denotes an average height of protrusions at the scanned surface with given standard deviation.
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Fig. 5. (a) – Mössbauer spectrum of non-implanted nanocrystalline (Fe64Co21B15)95P4Cu1 , (b) – Mössbauer spectrum of implanted
nanocrystalline (Fe64Co21B15)95P4Cu1 .
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Fig. 6. XRD from non-implanted and implanted nanocrystalline

(Fe64Co21B15)95P4Cu1 alloy

Comparison of Cu implanted (Fe64Co21B15)96P4

and non-implanted (Fe64Co21B15)95P4Cu1 alloy

Analysis of these both alloys indicate that by increas-

ing the Cu content due to implantation causes increase

in amount of crystalline component. We compared aver-

age parameters of Mössbauer spectra with Cu implanted

alloy and non-implanted alloy containing Cu. Parameters

are given in Tab. 3. If we made a comparison of both al-

loys, we found that their parameters are nearly identical

in the frame of error. This make it possible to prepare the

alloy with assumed properties by combine technology of

implantation and heat treatment.



Journal of ELECTRICAL ENGINEERING 70 (2019), NO2 175

Table 3. Spectral parameters of non-implanted (Fe64Co21B15)95P4Cu1 and implanted (Fe64Co21B15)96P4

Non-implanted nanocrystalline Implanted nanocrystalline

Component
alloy (Fe64Co21B15)95P4Cu1 alloy (Fe64Co21B15)96P4

A23 B A A23 B A

(-) (T) (%) (-) (T) (%)

Amorphous 2.82 25.7 84 2.69 25.8 82

Crystalline 2.69 36.4 16 2.59 36.3 18

5 Conclusion

It was shown that the implantation of Cu ions into
amorphous precursor has an influence on the ratio of
amorphous and crystalline components of the final struc-
ture of nanocrystalline alloy, as well as at their parameters
in amorphous and crystalline state. This give us possibil-
ity to prepare final nanocrystalline alloy from precursor
after implantation of Cu and thermal treatment accord-
ing to technological requirement.
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